ISAR imaging of ships at sea with significant motion results in the Doppler frequency shift for the received signal is time-varying, which will deteriorate the ISAR image quality for the Range-Doppler (RD) algorithm. In this paper, the received signal is modeled as a multicomponent cubic phase signal (CPS), and a new method for estimating the parameters of CPS based on the integrated high-order matched phase transform (IHMPT) is proposed. This algorithm is simpler and more computational efficient than some of other parameters estimation algorithms proposed previously. Then, combined with the Range-Instantaneous-Doppler (RID) technique, the high quality instantaneous ISAR images can be obtained. The results of simulated and measured data are provided to demonstrate the effectiveness of the new method proposed.
Introduction
The Inverse Synthetic Aperture Radar (ISAR) technique has attracted the attention of many scholars all around the world, and many useful results have been obtained in the past two decades [1] [2] [3] [4] , especially for the ISAR imaging of plane target. The ISAR imaging of ship target is also very important in the national defense, such as the target recognition and battlefield awareness [5, 6] . The imaging condition for ship target is more complicated than the plane due to the extreme sea environment. This sea-induced motion results in chaotic, complex, three-dimensional (3D) motion and does not conform to the ISAR imaging assumptions of planar, constant rate rotation. In this case, the Doppler frequency shift for the received signal is time-varying, which will deteriorate the ISAR image quality for the Range-Doppler (RD) algorithm.
The Range-Instantaneous-Doppler (RID) algorithm was presented for ISAR imaging of maneuvering target in [7] [8] [9] [10] , where the Doppler analysis for RD algorithm is replaced by the time frequency analysis, such as the DechirpClean method [11] , the Radon-Wigner transform [12] , and the adaptive Chirplet decomposition algorithm [13] . These algorithms are based on the assumption that the received signal in a range bin is a multicomponent linear-frequencymodulated (LFM) signal, and the instantaneous ISAR images can be obtained by estimating the parameters of it. Hence, these algorithms are suitable in situations where the maneuverability is not too severe. For the ship target with high maneuverability, the algorithms presented in [11] [12] [13] will not be appropriate for the sake of high-order phase term in the received signal. In [14, 15] , the received signal is modeled as multicomponent cubic phase signal for the ship target, and a TC-DechirpClean algorithm was presented to estimate the parameters of it. But this algorithm requires a two-dimensional maximization to estimate the parameters of the cubic phase signal, and it therefore suffers from a high computational load. In [16] , the product high-order matched-phase transform (PHMT) is proposed for ISAR imaging of ship target by the authors. By the multiplication of high-order matched-phase transform slices for the cubic phase signal at different time positions, the parameters of the multicomponent cubic phase signal can be estimated. But the selection and total number of time positions will influence the parameters estimation accuracy. In [17, 18] , the polynomial Fourier transform and local polynomial Fourier transform are used in ISAR or SAR imaging, but these algorithms require significant memory and calculations. In this paper, the received signal is modeled as multicomponent cubic phase signal (CPS), and the integrated high-order matched phase transform (IHMPT) is presented to estimate the parameters of it. This method requires only one-dimensional maximization, and the parameters of each component can be estimated efficiently. Then, the high-quality instantaneous ISAR images can be obtained combined with the RID technique. This paper is organized as follows. In Section 2, the cubic phase signal model for the received signal of ship target in ISAR imaging is established; in Section 3, the principle of IHMPT is presented, and the ISAR imaging algorithm of ship target based on the IHMPT is discussed in Section 4; the results for simulated and measured data are given in Section 5; Section 6 is the conclusion for the paper.
Cubic Phase Signal Model for the Received Signal
In this section, we assume that the motion compensation (including the range alignment and phase adjustment) has been completed, and the ISAR imaging geometry for ship target is shown in Figure 1 . In Figure 1 , the coordinate of the radar line-of-sight (LOS) is xyz and the synthetic vector Ω denotes the angular velocity of the target. The x axis is located on the z − Ω plane, and the unit vector of LOS is r, which overlaps the z axis. The point O is the rotating centre of the ship target, and we use the vector R(x 1 , y 1 , z 1 ) to denote the position of a scatterer P on the target. The Doppler frequency shift of the scatterer induced by the rotation can be written as [8] 
where λ is the wavelength of the radar, × denotes the outer product, and • denotes the inner product.
For ship target with high maneuverability, the synthetic vector Ω can be approximated as follows:
where Ω 0 , α 0 , and γ 0 are the constant term, first-order term, and second-order term coefficients of Ω, respectively. t is the azimuth time. Then, we can rewrite (1) as follows:
where μ = R × r. Then, for the Doppler frequency ω, the received signal for scatterer P can be written as
where A 0 is the amplitude. From (4), we can see that for a scatterer on the ship target, the received signal has the form of cubic phase signal (CPS). Hence, for multiple scatterers in a certain range bin, the received signal can be characterized as
where
and K is the number of scatterers in a range bin,
is the amplitude of each scatterer, and a k,l | 3 l=1 are the phase coefficients to be determined.
It can be seen from (5) that the received signal in a range bin can be modeled as multicomponent CPS for ISAR imaging of ship target with high maneuverability. In this paper, a new algorithm called IHMPT is proposed to estimate the parameters of the multicomponent CPS. Combined with the RID algorithm, the high-quality instantaneous ISAR images can be obtained. 
Principle of IHMPT

The High-Order Matched Phase Transform (HMPT).
Consider the discrete form of monocomponent CPS with the following structure:
where N is the length of the signal, and it is assumed to be an odd integer, A 0 is the amplitude, and a 1 , a 2 , a 3 are the coefficients to be determined. The high-order matched phase transform (HMPT) for s(n) was proposed in [16] as follows:
Substitute (7) into (8), we obtain
It is obvious that HMPT is independent on n without the consideration of noise. This means that in the (n, σ) plane, HMPT(n, σ) is a line parallels to the n axis.
We can see from (9) that |HMPT(n, σ)| peaks along the curve
Hence, the a 3 can be estimated by the maximum value of |HMPT(n, σ)| as
Then, the other parameters can be estimated by the dechirp technique and the Fourier transform.
The Definition of IHMPT.
From (8), we can see that the HMPT has the nonlinearity character. Hence, for multicomponent CPS, the cross-terms will appear. In this paper, the IHMPT is proposed to reduce the cross-terms between different components. The definition of IHMPT is
For the IHMPT, the cross-terms can be reduced due to the dispersion in the HMPT(n, σ) domain, and the autoterms can be amplified due to the integration operation. Hence, the IHMPT is appropriate for the parameters estimation of multicomponent CPS. Furthermore, from the analysis above, we can see that the IHMPT requires only onedimensional maximization, and it is computational efficient, which is quite suitable in ISAR imaging.
Numerical Example.
In this section, we use the numerical example to demonstrate the effectiveness of IHMPT in the suppression of cross-terms for multicomponent CPS. For convenience, we assume that the simulated signal consists of two components with the following structure:
The sampling rate is assumed to be unity and n ∈ [−255, 255]. The parameters are shown in Table 1 to avoid ambiguities arising from the cyclic nature of spectral transforms of sampled signals [19] , it is assumed that |a
. N is the length of the signal.) Figure 2 (a) is the HMPT slice at n = −55. We can see that the cross-terms appear for the nonlinearity of HMPT, and the auto-terms cannot be detected correctly. Figure 2(b) is the IHMPT for the signal. It is obvious that the crossterms have been suppressed greatly. At the same time, the auto-terms have been amplified greatly, which is appropriate for the parameters estimation of multicomponent CPS. The reason for Figure 2(b) showing one peak is that the amplitudes for the two components are different: one is 2 and the other is 1.5, which is shown in Table 1 . This peak denotes the a 3 parameter for the component with amplitude 2, and after this component is subtracted from the original signal, the other peak for the a 3 parameter for the component with amplitude 1.5 will appear.
The results for the example have demonstrated the validity of the IHMPT.
ISAR Imaging of Ship Target Based on IHMPT
The ISAR imaging algorithm of ship target with high maneuverability can be illustrated as follows.
Step 1. Suppose the received signal in a range bin is K components CPS of the discrete form
where A k is the amplitude of kth component and a k,l | 3 l=1 is the lth-order phase coefficients for the kth component.
Step 2. Initialize k = 1, s 1 (n) = s(n).
Step 3. Estimate a k,3 by finding the peak of IHMPT(σ).
Step 4. Construct the reference signal (15) and multiply it with the signal s k (n); we obtain Step 5. Estimate a k,2 by the cubic phase function presented as follows:
(17)
Step 6. Construct the reference signal
Then, estimate a k,1 by dechirping the original signal with s ref2 (n) and finding the Fourier transform peak: Step 7. Estimate A k as follows:
Step 8. Subtract the estimated kth component from s k (n):
Step 9. Set k = k + 1, and repeat the above steps until k = Kor the residual energy of the signal is less than a threshold ε (example, 1% of the original signal).
Based on the above procedure, we can obtain the instantaneous ISAR image at different time positions based on the IHMPT, which is illustrated in Figure 3 . The number of time history series is P, and each has the length of M. After computing the IHMPT of each range bin and time sampling, the P frames M × P instantaneous ISAR images can be obtained.
Examples
In this section, the results of simulated and measured data are provided to demonstrate the effectiveness of the IHMPT algorithm for ISAR imaging of ship target with high maneuverability.
Simulated Data.
Here, we use the simulated data of ship target with three-dimensional rotation (including the roll, pitch, and yaw) to demonstrate the effectiveness of the IHMPT algorithm.
The coordinate systems of Radar and the ship target are shown in Figure 4 , where the (u, v, w) frame is defined as the Radar coordinate frame and the (x, y, z) frame is defined as the target coordinate frame. We assume that the Radar is located at the origin O of the (u, v, w) coordinate, and the initial location of the rotating centre of the ship target O in the (u, v, w) coordinate is (u 0 , v 0 , w 0 ). The direction for the axis x, y, and z is parallel to the axis u, v, and w.
The instantaneous angular position of the target for the yaw, roll, and pitch motion can be described as follows [15] : where q r , q p , and q y are the angular amplitudes in radians and ω r , ω p , and ω y are the roll, pitch, and yaw angular velocities, respectively. The rotation parameters of the target are shown in Table 2 , and the other parameters for the simulated data are shown in Table 3 .
The three-dimensional (3D) image of the target is shown in Figure 5 .
We choose the received signal of the 1220th and 1251th range bins, and compute the smoothed pseudo-Wigner-Ville distribution (SPWVD) of them, which are shown in Figure 6 .
From Figure 6 , we can see that the time-varying character for the Doppler frequency is very complicated, and this demonstrates that the ship target has high maneuverability. Figure 7 is the ISAR image based on the RD algorithm. For the high maneuverability of the target, the image is blurred severely. Figure 8 shows the instantaneous ISAR images at different time positions based on the IHMPT algorithm; it is obvious that the image quality has been improved greatly.
Measured Data.
We choose a set of measured data for ship target to demonstrate the effectiveness of the IHMPT. The radar works in the X band, and the radar parameters are not authorized to be published. The SPWVDs for the received signal in the 610th range bin and 620th range bin are shown in Figure 9 ; it is obvious that the ship target has high maneuverability. Figure 10 is the ISAR image based on the RD algorithm. For the high maneuverability of the target, the image is blurred severely.
The instantaneous ISAR images at different time positions based on the IHMPT algorithm are shown in Figure 11 . It is obvious that the quality has been improved greatly, which demonstrates the effectiveness of the IHMPT algorithm proposed.
Conclusion
For ISAR imaging of ship target with high maneuverability, the received signal in a range bin can be modeled as multicomponent cubic phase signal. The IHMPT can be used to estimate the parameters of the multicomponent cubic phase signal, then combined with the RID technique, the high quality instantaneous ISAR images can be obtained.
